Role of cathepsin B in intracellular trypsinogen activation
and the onset of acute pancreatitis
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Autodigestion of the pancreas by its own prematurely activated digestive proteases is thought to be
an important event in the onset of acute pancreatitis. The mechanism responsible for the intrapancreatic activation of digestive zymogens is unknown, but a recent hypothesis predicts that a redistribution of lysosomal cathepsin B (CTSB) into a zymogen-containing subcellular compartment triggers this event. To test this hypothesis, we used CTSB-deficient mice in which the ctsb gene had been
deleted by targeted disruption. After induction of experimental secretagogue–induced pancreatitis,
the trypsin activity in the pancreas of ctsb–/– animals was more than 80% lower than in ctsb+/+ animals.
Pancreatic damage as indicated by serum activities of amylase and lipase, or by the extent of acinar
tissue necrosis, was 50% lower in ctsb–/– animals. These experiments provide the first conclusive evidence to our knowledge that cathepsin B plays a role in intrapancreatic trypsinogen activation and
the onset of acute pancreatitis.
J. Clin. Invest. 106:773–781 (2000).

Introduction
Acute pancreatitis has long been considered to be an
autodigestive disorder, in which the parenchymal tissue of the organ is destroyed by its own digestive proteases (1). Under physiological conditions, pancreatic proteases are synthesized as inactive precursor
zymogens and stored by the acinar cells in zymogen
granules. Autodigestion of the gland therefore
requires premature activation of these zymogens.
How and where such a premature and intrapancreatic activation of digestive proenzymes is initiated in the
course of pancreatitis has been the subject of several
investigations (2). Recent studies strongly suggest
that the early pathophysiological events that eventually lead to necrosis of pancreatic tissue originate in
the acinar cell (3, 4) and involve the intracellular presence of active trypsin (4, 5), a serine proteinase capable of activating other pancreatic zymogens. In pancreatic acinar cells, cytoplasmic vacuoles have been
identified as the subcellular compartment in which
premature trypsinogen activation begins within minutes after induction of experimental pancreatitis (6,
7). The molecular mechanisms responsible for the
intracellular activation of trypsinogen, however, have
remained elusive. One hypothesis predicts that the
lysosomal cysteine proteinase cathepsin B (CTSB)
plays an essential role in this process (8). The largely
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circumstantial evidence for this “cathepsin B hypothesis” is based on the following observations: (a) CTSB
was shown to activate trypsinogen in vitro (9); (b) during the initial phase of acute pancreatitis in several
animal models, a redistribution of CTSB into a zymogen granule-containing subcellular compartment was
detected by density-gradient centrifugation (10); (c)
in the same pancreatitis models, lysosomal enzymes
were detected by immunogold electron microscopy in
secretory organelles that also contained digestive
enzymes, e.g., trypsinogen (11). Experimental
approaches to show an essential role of CTSB in premature zymogen activation by inhibition of this lysosomal enzyme with synthetic inhibitors rendered contradictory results either increasing (12) or decreasing
(13) premature zymogen activation, or failing to
improve the course of experimental pancreatitis (14).
To test the cathepsin B hypothesis more directly and
to overcome the shortcomings of lysosomal enzyme
inhibitors, which have only limited specificity for
CTSB, we used a CTSB-deficient mouse strain that
was generated by targeted disruption of the ctsb gene
(15). CTSB-deficient mice were found to be viable and
fertile, and they did not show any spontaneous pathological phenotype. Experimental pancreatitis was
induced in these animals and their wild-type controls
by injection of supramaximal concentrations of the
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secretagogue caerulein. When the course of pancreatitis in both groups of animals was compared, we
found that the premature and intracellular activation
of trypsinogen that is followed by acinar cell necrosis
largely depends on the presence of CTSB.

Methods
Construction of a ctsb gene targeting construct and generation of CTSB-deficient mice. The CTSB-deficient mice
used in this study were previously reported and used
for another purpose (15) but without the details of
their construction that is provided here. A 14.6-kb
genomic DNA fragment covering exons 2–8 of the
murine ctsb gene was isolated from a 129/SvJ λ-FIX
II–teratocarcinoma library (Stratagene, La Jolla, California, USA) by hybridization with a 440-bp exon 6to 7-specific genomic DNA probe (16) generated by
PCR. The phage clone was characterized by restriction
mapping, and exon/intron boundaries were determined by DNA sequencing. A 7.7-kb HindIII-EcoRV
DNA fragment covering exons 2–6 was subcloned
into plasmid vector pBluescriptII SK(+) (Stratagene).
The neomycin resistance cassette of pMC1neopA (17)
was inserted into a BglII site in exon 4 of this ctsb gene
subclone utilizing BamHI-linker sites flanking the
cassette. The insertion of the neomycin cassette introduces a premature stop codon into the open reading
frame of the ctsb gene. The resulting plasmid pMCB11/1neo (Figure 1a) was linearized with HindIII and
introduced into E-14-1 cells (18) by electroporation.
Embryonic stem (ES) cells were cultured as described
by Kühn et al. (19). G418-resistant ES cell colonies
were screened for homologous recombination by
Southern analysis of genomic DNA digested with
BglII and hybridized with probe B (Figure 1b). Targeted ES cell clones were confirmed by digestion of
genomic DNA with KpnI and EagI and subsequent
hybridization with probe A (Figure 1b). Targeted ES
cell clones were microinjected into blastocysts of
C57BL/6J mice as described by Köster et al. (20), and
resulting male chimeras were mated to C57BL/6J
females. Mice were genotyped for the ctsb gene mutation by Southern analysis of BglII digested genomic
tail DNA using probe B. Heterozygous offspring were
intercrossed for generation of ctsb–/ctsb– mice (Figure
1c). Mice used as wild-type controls in this study had
the same outbred C57BL/6J × 129/SvJ genetic background and were kindly provided by P. Saftig (University of Göttingen, Göttingen, Germany). Animals
used in this study were maintained and bred according to our institutional guidelines and animal facility
protocols. All subsequent experiments including the
induction of acute pancreatitis were performed in
accordance with the same guidelines and after prior
approval by the institutional animal care committee.
Northern and Western blot analysis. Total RNA of kidney from 8-week-old mice was prepared as described
previously (21). Total RNA (8 µg) was separated in a
formaldehyde agarose gel and processed as reported
774
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previously (22). Filters were hybridized with a 980-bp
partial ctsb cDNA generated by RT-PCR (16) and a
280-bp cDNA fragment from murine glyceraldehyde3-phosphate dehydrogenase (G3PD) (23).
Lysosomes were enriched from kidney homogenates
(24), and soluble lysosomal protein (250 µg) was separated by 10% SDS-PAGE, blotted, and probed with a
rabbit polyclonal antiserum raised against human
CTSB (cross-reacting with murine CTSB; kindly provided by E. Weber (Halle, Germany) using an electrochemiluminescence (ECL) immunodetection system
(Amersham, Freiburg, Germany) (25).
Detection of CTSB enzyme activity. CTSB proteolytic
activity was determined in liver lysosomal fractions
(24) by using the fluorogenic substrate Z-Arg-Arg-4methyl-coumarin-7-amide (20 µM; Bachem California,
Torrance, California, USA) as described by Barrett and
Kirschke (26). Assays were performed in 50 mM phosphate buffer (pH 6.0) containing 2.5 mM EDTA and
2.5 mM dithiothreitol. Reaction mixtures were preincubated for 30 minutes at 37°C and incubated in the
presence of substrate for 10 minutes. Incubations were
stopped by addition of 100 mM monochloroacetate
(pH 4.3), and the release of 7-amino-4-methylcoumarin was monitored by spectrofluorometry. One
unit corresponds to the enzyme activity liberating 1
µmol 7-amino-4-methylcoumarin per min.
Induction of experimental pancreatitis. Pancreatitis was
induced in 6- to 8-week-old CTSB–/– and CTSB+/+ mice
weighing 20–24 g. After fasting for 18 hours with access
to water ad libitum, the secretagogue caerulein (Pharmacia Biotech AB, Uppsala, Sweden) was administered
in seven intraperitoneal injections of 50 µg/kg body
weight at hourly intervals (27). Saline-injected animals
served as controls.
Preparation of serum and tissue samples. Mice were sacrificed at intervals between 1 and 24 hours after the first
intraperitoneal injection of caerulein. Whole blood
samples were centrifuged at 4°C, and serum was
stored at –80°C for further studies. Tissue from pancreas and lungs was removed on ice, weighed, immediately frozen in liquid nitrogen, and stored at –80°C.
Tissue for the measurement of pancreatic enzyme
activities was thawed and homogenized in iced medium containing 5 mM MOPS, 1 mM MgSO4, and 250
mM sucrose (pH 6.5). Samples were sonicated and centrifuged for 5 minutes at 16,000 g. Sample preparation
for trypsinogen activation peptide (TAP) assay was performed as described previously (28), supplementing
the tissue homogenate with 1 mM EDTA and 0.1% Triton X-100 and boiling the samples for 10 minutes.
Supernatants generated at 16,000 g for 5 minutes were
used in the subsequent assays. For MPO measurements (29), pancreatic or lung tissue was homogenized
in 20 mM potassium phosphate buffer (pH 7.4) and
centrifuged for 10 minute at 10,000 g. The pellet was
resuspended in 50 mM potassium phosphate buffer
(pH 6.0) containing 0.5% cetyltrimethylammonium
bromide. The suspension was freeze-thawed four
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times, sonicated twice for 10 seconds each, and centrifuged at 10,000 g for 5 minutes.
To study whether the CCK-receptor signaling pathway had remained intact and the pancreas of CTSBdeficient mice responded to caerulein stimulation in
the same manner as that of wild-type animals, we freshly prepared isolated pancreatic acini by collagenase
digestion as reported previously (30) and incubated
them in HEPES-buffered Krebs-Ringer solution (pH
7.4) with various concentrations of caerulein. Amylase
secretion over the course of 30 minutes was measured
as amylase activity and expressed as percent of total
amylase content of the acini.
Biochemical assays. Trypsin was measured at 37°C
using 64 µM BOC-Gln-Ala-Arg-7-amino-4-methylcoumarin (Bachem California) as a substrate (28). To
increase specificity, trypsin activity was expressed as
fluorescence increase sensitive to soybean trypsin
inhibitor (SBTI; 2 µM). Trypsinogen content was
measured as trypsin activity after preincubation with
an excess amount of enteropeptidase over a period of
30 minutes. The trypsin activity was corrected for substrate cleavage by enteropeptidase. Tissue contents of
trypsin and trypsinogen were standardized to a purified trypsin preparation (T-8003; Sigma Chemical Co.,
St. Louis, Missouri, USA) whose activity was determined by active site titration. Parallel titrations of the
standard trypsin and mouse trypsin activity with SBTI
showed that the specific activities of both were comparable. Amylase and lipase activities were determined
by commercially available assays (Boehringer,
Mannheim, Germany), and MPO activity was assayed
after mixing 200 µL of supernatant in 1.0 mL of 50
mM potassium phosphate buffer (pH 6.0) containing
0.53 mM O-dianisidine and 0.15 mM H2O2. The initial
increase in absorbance at 460 nm was measured at
30°C. The results are expressed in units of MPO on the
basis of 1 unit to oxidize 1 µmol H2O2 per minute. TAP
was assayed using an enzyme immunoassay (Biotrin,
Dublin, Ireland). IL-6 serum levels were measured by
ELISA (Biosource International, Camarillo, California,
USA) and protein concentrations were determined
according to Bradford (31).
Morphology and morphometry. At selected time intervals of pancreatitis, tissue samples were collected
from both lungs as well as the head, body, and tail of
the pancreas of CTSB+/+ and CTSB–/– mice, immediately immersed in iced fixative, and processed for
electron microscopy, paraffin histology, or cryosections. For experiments involving the detection of
apoptotic cells strips of pancreas were fixed in iced
125 mM phosphate buffer (pH 7.4) containing 4%
formaldehyde for 90 minutes and, after 5-µm
cryosections were recovered on coverslips, postfixed
with iced acetone for 30 seconds. Free 3′OH-DNA
termini were labeled using the terminal deoxynucleotidyl transferase (TdT) method with fluoresceinlabeled digoxigenin nucleotides as reported previously (32). Fluorescent micrographs were taken at
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random at 40× (Nikon Diaphot 200; excitation 485
nm, emission 530 nm; Nikon, Düsseldorf, Germany).
To quantitate nuclei containing apoptotic bodies in
comparison to all nuclei, sections were double
labeled with the DNA dye 4,6-diamidino-2-phenylindole (DAPI; excitation 335 nm, emission 450 nm).
Prints were coded for morphometry, and the number
of nuclei containing fluorescein-positive apoptotic
bodies were counted in a blinded fashion, calculated
as percent of all DAPI-positive nuclei and expressed
as percent of cells ± SEM. From three or more experiments in each group, approximately 500 printed
fields, which contained an average of 125 cells per
field were evaluated in this manner.
For resin-embedded thin sections, strips of pancreas
measuring 1.0 × 0.5 mm were immediately fixed in 125
mM phosphate buffer (pH 7.4) containing 2% glutaraldehyde/2% formaldehyde for 90 minutes, rinsed
extensively in the same buffer, and post-fixed in 2%
OsO4. Tissue blocks were dehydrated in ethanol and
embedded in Epon 812. Semithin sections were stained
with methylene blue and examined by light
microscopy. Selected areas, chosen for detailed study,
were thin-sectioned using a LKB Ultratome (LKB,
Bromma, Sweden), picked up on uncoated copper
grids, double stained with uranyl acetate and lead citrate, and examined on a Philips EM10 transmission
electron microscope (Philips, Eindhoven, The Netherlands). To quantitate the ultrastructural changes, cross
sections of entire acini containing a minimum of ten
cells including the nucleus and plasma membrane were
randomly chosen, photographed, and printed on photographic paper at a calibrated magnification of 1,500.
Prints of each section were coded, and the number of
cytoplasmic vacuoles and cells undergoing necrosis
(resolution of organelle-confining or cell-limiting plasma membranes) was morphometrically evaluated as
already described here and expressed per total number
of cells (3, 33). A minimum of 500 cells per experiment
was evaluated in this manner.
Data presentation and statistical analysis. Data in graphs
are expressed as means ± SEM. Statistical comparison
between the CTSB+/+ and the CTSB–/– group at various
time intervals was done by Student’s t test for independent samples using SPSS for Windows (SPSS Inc.,
Chicago, Illinois, USA). Differences were considered
significant at a level of P < 0.05. Data presentation was
performed with ORIGIN for Windows (Microcal Software, Northampton, Massachusetts, USA).

Results
Targeted disruption of the ctsb gene and generation of CTSBdeficient mice. The strategy for generating CTSB-deficient mice is summarized in Figure 1, a–c, and its
respective legend. To test for inactivation of the ctsb
gene in homozygous mutant mice, its expression was
studied by Northern and Western blot analyses. Neither ctsb transcript was detectable in RNA from
homozygous mutant mice (Figure 1d) nor was CTSB
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Figure 1
Targeted disruption of the ctsb gene. (a) Strategy for inactivation of the ctsb-gene by homologous recombination in embryonic stem
cells. (Top) Genomic structure and partial restriction map of the wild-type ctsb-locus (15, 47, 48). Exons are numbered and indicated by black boxes. External probes A and B used for Southern blot analyses are represented by black bars. (Middle) Targeting construct pMCB-11/1neo with 7.7 kb homology to the ctsb gene locus. A neomycin-resistance cassette was inserted into a BglII site in
exon 4. The arrow marks the direction of transcription of the neomycin gene. (Bottom) Predicted ctsb-locus after homologous recombination. Broken line: plasmid vector pBluescriptII SK (+). B, BamHI; Bg, BglII; E, EcoRV; Eg, EagI; H, HindIII; K, KpnI. (b) Southern
blot analysis of targeted ES cell clones. The 3´-external probe B was hybridized to BglII digested genomic DNA from wild-type E-141 ES cells and ES cell clones ECB-28 and ECB-31 with a targeted ctsb allele as indicated by the presence of an additional 6.8-kb DNA
fragment. The 5´-external probe A was hybridized to KpnI and EagI digested DNA from the same ES cell clones, confirming homologous recombination in clones ECB-28 and ECB-31. (c) Southern blot analysis of tail DNA from offspring of an intercross of ctsb heterozygotes. Genotypes of progeny are indicated. (d) Northern blot analysis of ctsb mRNA expression. Total RNA was hybridized to a
partial ctsb cDNA and a murine glyceraldehyde-3-phosphate dehydrogenase probe (G3PD). (e) Western blot analysis of CTSB protein expression from kidney lysosomal extracts; CTSB-m: mature CTSB (single chain form); CTSB-l: large subunit (two chain form).
(f) CTSB enzyme activity in liver lysosomal fractions expressed as mU/mg protein (± SD; n = 3).

protein present in lysosomal protein extracts (Figure
1e). Using Z-Arg-Arg-4-methyl-coumarin-7-amide as
substrate, no CTSB-activity was detected in liver of
ctsb–/ctsb– mice (Figure 1f). These data indicate that
the ctsb gene was successfully inactivated.
Phenotypic analysis of ctsb–/ctsb– mice. Homozygous
CTSB-deficient mice exhibited normal development
at birth and showed no apparent neurological or
behavioral deficits. Postnatal development was indistinguishable from that of heterozygous and wild-type
littermates. Inspection of external and internal
organs at different ages did not reveal any macroscopic abnormalities in ctsb–/ctsb– mice. On
histopathological investigation of various organ systems including brain, heart, lung, liver, spleen, thymus, pancreas, stomach, intestine, ovary, kidney,
skeletal muscle, and lymph nodes, no pathological
alterations could be detected in CTSB-deficient mice
(data not shown). Homozygous mutant mice were
fertile and reproduced normally. FACS analysis of
lymphoid tissues (thymus, spleen and lymph nodes)
did not reveal any abnormalities of T or B lymphocytes (data not shown).
Isolated pancreatic acini that were prepared from
the pancreas of CTSB-deficient and wild-type mice
776
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responded to stimulation with caerulein in parallel
manner, i.e., with increasing rates of amylase secretion up to a caerulein concentrations of 10–11 M, and
with decreasing rates of amylase secretion at supramaximal caerulein concentrations of up to 10– 9 M
(Figure 2a). These results indicate that the CCKreceptor signaling pathway was not affected by the
deletion of the ctsb gene and that the biphasic stimulus response to caerulein had remained intact in
CTSB-deficient mice.
Intrapancreatic trypsinogen activation during experimental pancreatitis. Because the premature activation of
trypsinogen as an initiating event of pancreatitis
depends on the amount of trypsinogen that is available in the pancreas, the pancreatic trypsinogen content was determined in CTSB-deficient and control
mice. The resting levels of pancreatic trypsinogen in
CTSB–/– mice amounted to about twice those found
in control mice (Figure 2b). During the course of
experimental pancreatitis, the trypsinogen content
rose in both groups of animals, which is due to a
blockage of enzyme secretion (34) in the presence of
ongoing protein synthesis. When trypsin activity
rather than trypsinogen content was determined, only
very little substrate cleavage was found in the pan-

September 2000

|

Volume 106

|

Number 6

Figure 2
Trypsinogen activation during experimental pancreatitis. In the
experiment shown in a, dispersed acini were generated from the
pancreas of CTSB-deficient and wild-type animals as described in
Methods and incubated in different concentrations of caerulein.
Amylase secretion over the course of 30 minutes was expressed in
percent of total amylase content. In b–d, the pancreatitis time
course is shown over a 24-hour period for (b) pancreatic
trypsinogen content, (c) free trypsin activity in the pancreas, and
(d) trypsinogen activation peptide (TAP) in the pancreas. Data
points represent the means of four or more pancreatitis animals
(n ≥ 3 for controls) at each interval ± SEM. ASignificant differences (P < 0.05) between the CTSB+/+ and the CTSB–/– mice.

creas of untreated or saline-injected CTSB+/+ or
CTSB–/– mice (Figure 2c). The intraperitoneal injection of caerulein was followed by a significant activation of trypsinogen in the pancreas of CTSB+/+ and in
that of CTSB–/– mice as well. At all time intervals during the course of experimental pancreatitis, however,
the pancreatic trypsin activity was significantly lower
in CTSB–/– mice and reached only 18–24% of the activity levels found in wild-type controls. When, instead
of measuring trypsin activity, the presence of TAP, the
NH2-terminal pentapeptide that is cleaved from
trypsinogen during the conversion to active trypsin,
was measured as an indicator of premature trypsinogen activation, a similar reduction in premature

trypsinogen activation during the pancreatitis of
CTSB–/– mice was found (Figure 2d). The TAPimmunoreactivity levels of CTSB–/– mice reached only
38–50% of those found in the pancreas of CTSB+/+ animals during the course of pancreatitis. Less than 1%
of the total trypsinogen content in the pancreas participated in this premature and intrapancreatic conversion to active trypsin.
Pancreatic damage during experimental pancreatitis

Serum pancreatic enzyme activities and interstitial edema.
Elevated amylase and lipase activities appeared as
early as 1 hour after the first caerulein injection in the
serum of CTSB+/+ as well as of CTSB–/– mice (Figure 3,

Figure 3
Pancreatic damage during experimental pancreatitis. The time course over 24 hours is shown for (a) serum amylase activity, (b) serum lipase
activity, and (c) pancreatic edema. Enzyme activities were measured as indicated in Methods, and the increase in pancreatic water content
was determined indirectly as increase in pancreatic weight. Data points represent the means of six or more pancreatitis animals (n ≥ 4 for
controls) at each interval ± SEM. ASignificant differences (P < 0.05) between the CTSB+/+ and the CTSB–/– mice.
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a and b). One hour after the last intraperitoneal injection of caerulein, which in this model of pancreatitis
represents the peak of hyperamylasemia and
lipasemia, respectively, the serum amylase and lipase

Figure 4
Pancreatic necrosis and apoptosis during experimental pancreatitis. The time course over 24 hours is shown for (a) the percentage
of acinar cells that had undergone necrosis and (b) the percentage of cells that had undergone apoptosis after the induction of
pancreatitis. The appearance of necrotic acinar cells was quantitated in electron microscopy sections and the number of apoptotic cells was determined using fluorescence labeling of DNAstrand brakes and was expressed as percentage of all DAPI-positive
nuclei. Data points represent the means of three or more animals
at each interval ± SEM. ASignificant differences (P < 0.05) between
the CTSB+/+ and the CTSB–/– mice. In c, a representative micrograph is shown from the pancreas of a wild-type animal after 24
hours of pancreatitis. Note the prominent areas of acinar cell
necrosis with resolution of cellular membranes and organelles as
well as dark condensed nuclei (asterisks). In d, a corresponding
section from a CTSB–/– animal is shown. Here more intact acinar
cells with densely packed zymogen granules around the acinar
lumen (arrow) are seen, and the area of necrosis is confined to the
right-hand margin of the micrograph. Calibration bars = 10 µm.
778
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activities were 46% lower in CTSB–/– mice compared
with their wild-type controls. The pancreatic content
of either amylase or lipase was not reduced in the
CTSB–/– animals (data not shown).
A further parameter of pancreatic damage in clinical
as well as in experimental pancreatitis is the formation
of intercellular fluid collections termed pancreatic
edema. Although the development of pancreatic edema
in mice is much less prominent than in the equivalent
rat model of pancreatitis, and the differences between
the increases in pancreatic water content of CTSB–/–
and CTSB+/+ mice were not large, they reached significant levels at 1 hour and 8 hours of the evolution of
acute pancreatitis (Figure 3c).
Pancreatic tissue necrosis and apoptosis. The course of
clinical acute pancreatitis and that of various animal
models of the disease can be complicated by significant
necrosis of pancreatic tissue, and the extent of necrosis
correlates with disease severity (35). In our study, the
first ultrastructural change in acinar cells was a progressive dilatation of the endoplasmic reticulum and
the formation of cytoplasmic vacuoles that either contained a homogeneous or a partially condensed protein
content or, alternatively, fragments of organelles. Some
of these vacuoles could thus clearly be identified as
autophagosomes, whereas others may have derived
from secretory vesicles. Although the number and size
of these vacuoles increased over time, their occurrence
was not nearly as frequent as in the equivalent rat
model of secretagogue-induced pancreatitis (36). Neither the quality of these changes nor their frequency in
affected cells differed in the course of pancreatitis of
CTSB–/– and CTSB+/+ animals (data not shown). The
most severe morphological alteration observed during
experimental pancreatitis was the necrosis of either
individual acinar cells or the appearance of small tissue
areas composed of necrotic acinar cells (Figure 4).
When the percentage of necrotic acinar cells was
quantified in CTSB+/+ and CTSB–/– mice, the amount of
tissue necrosis was up to 48% lower in the latter (Figure
4a). The greatest extent of acinar tissue necrosis and the
greatest difference between the CTSB+/+ and the
CTSB–/– groups of mice were found after 24 hours of
secretagogue-induced pancreatitis. Because cell death
during the course of acute pancreatitis is known to
occur not only as a consequence of autodigestion and
necrosis but also owing to a greatly increased rate of
acinar cell apoptosis (37, 38), and given that CTSB has
been implicated in the development of apoptosis (39),
we compared the rate of apoptosis in the pancreas of
CTSB+/+ and CTSB–/– mice. Based on the number of fluorescein-labeled DNA-strand brakes, approximately 9%
of all cells had undergone cell death by apoptosis at the
end of the 24-hour observation period. However, no
difference in the overall rate of apoptosis between
CTSB+/+ and CTSB–/– mice was found (Figure 4b).
Extrapancreatic damage during experimental pancreatitis. To study whether CTSB plays a role in determining the extrapancreatic severity of the disease process,
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we studied serum levels of IL-6, a proinflammatory
cytokine that is known to increase during pancreatitis (40), the degree of leukocyte infiltration of the pancreas and lungs in terms of tissue levels of MPO, and
the morphological changes in the lungs during the
course of the disease (29). In both CTSB+/+ and
CTSB–/– mice, the induction of pancreatitis was associated with increased serum IL-6 concentrations (Figure 5a) and with increased tissue levels of MPO in the
pancreas (Figure 5b) and lungs (Figure 5c). The measurement of neither parameter resulted in statistically
significant or biologically meaningful differences
between the two groups, with the sole exception of
serum IL-6 measurements at 24 hours. Here, the
declining IL-6 levels toward the end of the experiment
were somewhat lower (P = 0.035) in the CTSB-deficient animals. The morphological changes in the pulmonary tissue consisted of alveolar fluid accumulation and a progressive thickening, hyperemia, and
neutrophil infiltration of the interalveolar tissue. Neither of these alterations was found to differ between
the lungs of CTSB+/+ and CTSB–/– animals in the
course of pancreatitis (Figure 5d).

Discussion
A century ago, when the digestive properties of pancreatic secretions became known, the morphological
appearance of pancreatitis on autopsy sections suggested that the disease represents an autodigestive
process (1). This view has not changed, and according
to our current understanding, the onset of the disease
involves a premature and intrapancreatic activation
of proteolytic enzymes (2). Digestive proteases are,
however, synthesized and secreted as inactive precursor zymogens, and the pancreatic acinar cell possesses a whole variety of protective mechanisms that
either prevent premature zymogen activation or
inhibit protease activity (41). The question, therefore,
remains as to which molecular factors either trigger
the initial protease activation or permit the cellular
defenses to be overcome. One of the hypotheses that
have attempted to address this issue predicts that
CTSB, a lysosomal cysteine proteinase, is critically
involved in the initial trypsinogen activation (8). This
cathepsin B hypothesis is based on the observations
that CTSB can activate trypsinogen in vitro (9), that
CTSB is redistributed to a zymogen-granule–enriched
subcellular compartment (10), and that lysosomal
enzymes colocalize with digestive zymogens during
the early course of experimental pancreatitis (11).
Although this cathepsin-hypothesis appears attractive from a cell biologic point of view, a number of
experimental observations appear to be incompatible
with its assumptions: (a) a colocalization of cathepsins with digestive zymogens has not only been
observed in the initial phase of acute pancreatitis, but
also under physiological control conditions and in
secretory vesicles that are destined for regulated secretion from healthy pancreatic acinar cells (42); (b) a
The Journal of Clinical Investigation
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redistribution of CTSB into a zymogen-enriched subcellular compartment can be induced in vivo by experimental conditions that interfere with lysosomal sorting and are neither associated with nor followed by
the development of acute pancreatitis (43); (c) the
administration of potent lysosomal enzyme
inhibitors in vivo does not prevent the onset of acute
experimental pancreatitis (14); (d) in experiments
that used lysosomal enzyme inhibitors in vitro, an
increase in the rate of intracellular trypsinogen activation, as well as a decrease in the rate of intracellular
trypsinogen activation, has been reported (12, 13),
and even a protective role against premature zymogen
activation has been considered for CTSB (44, 45). In
view of the limited specificity and bioavailability of
the existing inhibitors for lysosomal hydrolases, the
only remaining option to address the cathepsinhypothesis conclusively was therefore to use CTSBdeficient animals and to study them in an experimental model of acute pancreatitis.

Figure 5
Extrapancreatic manifestations of experimental pancreatitis. The
time course over 24 hours is shown for (a) serum concentrations of
IL-6, (b) MPO levels in the pancreas, (c) MPO levels in the lungs, and
(d–g) morphological changes in the lungs. Data points represent the
means of five or more animals at each interval ± SEM. ASignificant
differences (P < 0.05) between CTSB+/+ and CTSB–/– animals. (d–g)
Representative examples for the lung histology of saline-injected control (CTSB+/+, d; CTSB–/–, e) mice, and pancreatitis animals at 24
hours of the disease (CTSB+/+, f; CTSB–/–, g) are shown. Note that
the thickening of the interalveolar tissue, its hyperemia, and the infiltration by leukocytes are indistinguishable between the CTSB+/+ and
CTSB–/– group of animals. Calibration bar = 100 µm.
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We have chosen this approach and have used a strain
of mice in which the ctsb gene was deleted by targeted
disruption (15). In an extensive anatomical and functional characterization, we could show that the resulting CTSB–/– animals are phenotypically indistinguishable from their wild-type controls, that they reproduce
normally, and that they carry no abnormalities in
either their organ development or immune system. We
used these CTSB-deficient animals to induce an experimental variety of acute pancreatitis. This secretagogue-induced model of the disease appears ideally
suited to address the cathepsin-hypothesis for a number of reasons: (a) it is noninvasive and can be induced
in mice and other small rodents (46); (b) it is associated with significant intrapancreatic trypsinogen activation that precedes acinar cell injury (6, 13); and (c)
many of the local and systemic alterations known to
be relevant for the human disease are found in this animal model including hyperamylasemia, significant
pancreatic tissue necrosis, systemic inflammatory
response, and lung injury (26, 28).
The targeted disruption of the ctsb gene and the complete absence of functional CTSB in the pancreas of
these mice altered the course of acute pancreatitis in a
number of ways. The most dramatic change in comparison to wild-type control animals, and also the most
relevant in regard to the cathepsin-hypothesis of acute
pancreatitis, was a significant reduction in the premature and intrapancreatic trypsinogen activation. In
terms of substrate-defined trypsin activity, this reduction amounted to more than 90% over the course of 24
hours, when the greater pancreatic trypsinogen content
of CTSB–/– animals is taken into account.
This prevention of premature trypsinogen activation was, however, incomplete. In terms of the presence of TAP in the pancreas, which indicates the total
amount of trypsinogen that has been activated over
time rather than the actual activity at a given point in
time, the reduction of trypsinogen conversion that
can be attributed to the absence of CTSB was approximately 50% and thus corresponded to the reduction
of acinar cell necrosis. CTSB is therefore clearly not
the only factor involved in premature intrapancreatic
trypsinogen activation or cell injury and additional
mechanisms such as trypsinogen autoactivation or a
trypsinogen activation by other lysosomal cysteine
proteinases, e.g., cathepsin L, H, and S, must be considered as potential alternatives.
Although the reduction of trypsinogen activation
corresponded to the decrease in acinar cell injury, the
amount of cells undergoing apoptosis and, more surprisingly, the systemic inflammatory response did not.
Neither the degree of leukocyte infiltration in the pancreas or lungs nor the histological degree of lung injury
during pancreatitis was affected by the absence of
CTSB. This may indicate that the presence or absence
of CTSB is irrelevant for the development of systemic
and inflammatory complications associated with acute
pancreatitis. Alternatively, this observation might indi780
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cate that as long as pancreatic damage above a certain
threshold level has occurred, the systemic complications of the disease evolve in a manner that is completely independent of the initial degree of trypsinogen
activation or the extent of acinar cell injury.
In conclusion, we used CTSB-deficient mice to study
whether CTSB is critically involved in premature zymogen activation and pancreatic damage in an experimental model of pancreatitis. Our results show that the
presence or absence of CTSB is, indeed, an important
factor that determines the degree of premature
trypsinogen activation and the extent of acinar cell
necrosis, but not the systemic inflammatory response
associated with acute pancreatitis. To our knowledge,
these data provide the first direct and conclusive experimental evidence for a role of cathepsin B in the onset
of acute pancreatitis.
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